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ABSTRACT:

The unlike-pair interaction parameters for the SPC/E�EPM2 models have been optimized to reproduce the mutual solubility of
water and carbon dioxide at the conditions of liquid�supercritical fluid phase equilibria. An efficient global optimization of the
parameters is achieved through an implementation of the coupling parameter approach, adapted to phase equilibria calculations in
the Gibbs ensemble, that explicitly corrects for the overpolarization of the SPC/E water molecule in the nonpolar CO2

environments. The resulting H2O�CO2 force field accurately reproduces the available experimental solubilities at the two fluid
phases in equilibria as well as the corresponding species tracer diffusion coefficients.

1. INTRODUCTION

Carbon dioxide�water systems are commonly found in the oil
and gas industry, such as in enhanced oil recovery and natural gas
streams, and frequently their presence in these environments are
a matter of concern for the potential corrosion effects and pipe
plugging due to hydrate formation. Renewed interest in the
thermophysical behavior of carbon dioxide�water systems has
been generated by numerous proposed processes including the
CO2-enhanced geothermal systems as sources of geothermal
energy1,2 and the CO2 capture from power stations and subse-
quent storage in deep geologic formations as a means to mitigate
global warming.3 From a process design standpoint, carbon
capture and sequestration requires an accurate description of
carbon dioxide interactions with aqueous environments in con-
tact with minerals at moderate temperatures and pressures.4

From a microscopic perspective, we need accurate molecular
models to gain understanding of the underlying physicochemical
mechanisms at such environmental conditions.

A large number of H2O
5 and CO2

6�9 models have been
developed with various degrees of complexity, but probably the
most popular ones are the SPC/E10 for liquid water and the
EPM211 for near-critical carbon dioxide (see Table 1). The large
body of published data, including force fields for the interaction
of water and carbon dioxide with dissolved ions and mineral
surfaces, provide a solid basis for the study of the H2O�CO2

mixtures at a variety of state conditions and compositions. A
prerequisite for such a study is the appropriate description of the
unlike-pair interactions between the two species, which are
typically described in terms of combining rules. As far as we
are aware, there has been no attempt to describe the binary

mixture by the SPC/E and EPM2 models beyond the simple
(conventional) combining rules, such as the Lorentz�Berthelot
(LB) prescription.

The need for an adequate description of the unlike-pair
interactions between different molecular species in a fluid
mixture comes from the fact that those interactions are the actual
sources of thermodynamic nonideality, measured by the devia-
tion of an extensive mixture property M(T,P,x) from the
corresponding ideal solution ME(T,P,x) = M(T,P,x) � MIS-
(T,P,x) at the same state conditions and composition.12 For
example, by invoking the definitions of an ideal solution by
Lewis�Randall rule and the corresponding residual property
Mres(T,P,x) � M(T,P,x) � MIG(T,P,x), the thermodynamic
excess property ME(T,P,x) becomes

M EðT, P, xÞ ¼ ∑
i
xi½M resðT, P, xÞ �MO, res

i ðT, PÞ� ð1Þ

where the superscripts E, res, IG, and O stand for excess, residual,
ideal gas, and pure component properties, respectively. Con-
sidering that by definition the residual quantities measure the
contributions of the intermolecular interactions to the system
properties (i.e., zero interactions between ideal gas species), eq 1
indicates that excess properties involve contributions from
differences of intermolecular interactions between species in
solution, i.e., from their intermolecular interaction asymmetry.
Consequently, excess (rather than mixing) quantities are the

Received: April 7, 2011
Revised: May 27, 2011



8776 dx.doi.org/10.1021/jp203241q |J. Phys. Chem. B 2011, 115, 8775–8784

The Journal of Physical Chemistry B ARTICLE

most sensitive properties for the analysis of the impact of the
unlike-pair interactions on the mixture properties by molecular-
based theory and simulation.13�17

Since the pioneering work of Hudson, Kohler, and colleagues
on the quantum mechanical-based combining rules for the
unlike-pair interactions of spherical18�20 and nonspherical21

molecules, numerous alternative algebraic forms for these rules
have been proposed based on a variety of empirical and theore-
tical approaches.22�30 Regardless of their dependence with the
corresponding like-pair interactions (i.e., pure component), the
proposed combining rules for the energy� and size-parameters
can be expressed as “deviations” (see eq 2 below) from a
common reference, i.e., the LB rules, even when the actual
combining rules are not completely independent from each
other (e.g., see Kong’s rules26).

The first simulation study of the effect of unlike-pair interac-
tion parameters on the excess properties of model fluids was
done by Singer and Singer31 who introduced the parameters η
and ξ to account for the deviations of the actual unlike-pair
interactions from the corresponding LB combining rules for the
Lennard-Jones (LJ) size and energy parameters, respectively, i.e.,

η ¼ 2σij

ðσii + σjjÞ; ξ ¼ εijffiffiffiffiffiffiffiffi
εiiεjj

p ð2Þ

The appeal of eq 2 is the direct identification of η and ξ as
“coupling parameters” in Kirkwood’s versatile approach to the
determination of free energies32,33 and its adaptation to the
assessment of the effect of the strength of the unlike-pair
interactions on the thermodynamic excess properties of
mixtures.14,16 This effort was the first of its kind to demonstrate
that small deviations from the Lorentz rule exhibits a stronger
effect on the resulting excess thermodynamic properties in
simple fluid mixtures than deviations from the Berthelot rule
counterpart. The subject has been recently revisited by several
groups34�40 by targeting diverse aspects of the combining rules
and the resulting microstructural as well as thermophysical
mixture behavior.

Not surprisingly, the unlike-pair interaction parameters have
been most commonly used simply as adjustable parameters in an
effort to get better agreement between model predictions and
experimental data.17,41�47 Obviously this adjustment becomes a
sound approach provided that the models for the pure compo-
nents already accurately describe the microstructural and ther-
modynamic behavior of these fluids at the state conditions of
interest, i.e., when the adjustment would not absorb the in-
accuracies of the pure component model properties. This is
precisely the case for the EPM211 and the SPC/E10 models in the
description of the behavior of pure carbon dioxide and water,
respectively. These two popular and well-characterized models
use rigid geometries and involve LJ plus (fixed) partial charges for
the model electrostatics (for details, see the original
publications10,11) to describe the polar and quadrupolar nature
of water and carbon dioxide, respectively. The resulting models

are consequently nonpolarizable, and their partial electrostatic
charges have fixed magnitude (i.e., “fixed-charge” models) re-
gardless of the surrounding environment. However, these
charges are augmented from the corresponding values describing
the isolated (gas phase) water dipole and carbon dioxide
quadrupole moments, respectively.

On one hand, because the EPM2 model was optimized to
reproduce the thermodynamics of near-critical carbon dioxide,
including the vapor�liquid phase envelope, this model is ex-
pected to properly describe its pure component residual chemical
potential. On the other hand, the SPC/E model has been
reasonably successful in the description of thermodynamic,
time-dependent properties and vapor�liquid phase equilibrium
of water.5,48,49

The SPC/E model, in contrast to its predecessor the SPC
model, involves an additional “polarization correction” to the
heat of vaporization to account for the “missing” water self-
polarization in the liquid phase, which results in an additional
enhancement of the permanent dipole moment from 2.27D
(SPC) to 2.35D. While this modification greatly improves
various liquid properties (i.e., the original intended target), it
also causes significant deviations from the experimental values of
the orthobaric vapor densities and corresponding equilibrium
pressure because the fixed-charge model (with its resulting
augmented dipole moment) represents an unrealistic overpolar-
ized environment (see Figure 1a). A related situation occurs
when water molecules, represented by a fixed-charge model, are
transferred to a nonpolar medium such as the carbon dioxide-rich
water phase in fluid�fluid equilibrium with the corresponding
water-rich carbon dioxide phase.50 Obviously, water in either a
pure vapor phase or as a highly dilute solute in a nonpolar dense
solvating environment exhibits comparatively smaller polariza-
tion, and consequently, a fixed-charge water model whose
parameters were adjusted to describe liquid-like aqueous envir-
onments must be “depolarized” in order to properly describe real
water in a nonpolar environment. A clear illustration of the
consequences behind the “overpolarized” (fixed-charge) water

Table 1. Parameters of the SPC/E10 and EPM211 Models

atom type σii [Å] εii [kcal/mol] qi

OW 3.166 0.65 �0.8476

HW 0.0 0.0 0.4238

CC 2.757 0.2339 0.6512

OC 3.033 0.6694 �0.3256

Figure 1. (a) Difference in the enthalpy of vaporization for polarized
and unpolarized water molecules. (b) Vapor densities of the SPC/E
model and real water. The green line shows the ratio between the
experimental and SPC/E vapor densities.
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molecule is depicted in the behavior of the vapor�liquid phase
envelope predicted by the SPC/E water model in Figure 1b,
where the low density of water vapor at our conditions of interest
exhibits relatively large deviations from the experimental values.

The overpolarization has a significant impact on the predicted
water solubility in less polar environments such as those invol-
ving single phases of either carbon dioxide in a water-rich phase
or water in a carbon dioxide-rich phase, and two (vapor�liquid
or liquid�liquid) phases in equilibrium. For the one-phase dilute
systems, the adjustment of the unlike-pair interactions can be
achieved through the use of the deviation parameters (η, ξ) to
match the simulated and experimental solute solubility in the
desired phase.51 However, if our target is the second scenario
involving two-phases in equilibrium, we need to perform the
simultaneous adjustment of the unlike-pair interactions in both
phases. As we will show below (Section 2 and Appendix), this is a
more challenging issue that requires a novel approach to deal
with the equilibrium of phases with disparate polarities.

In the present work we propose a method for the calibration of
the water�carbon dioxide unlike-pair interactions to be able to
accurately describe the species solubilities in fluid�fluid phase
equilibria at state conditions relevant to the geological sequestra-
tion of carbon dioxide.50 For that purpose, in section 2 we
describe a coupling parameter approach for the adjustment of the
unlike-pair interactions while accounting simultaneously for the
disparity of the polarization environments between the two
phases in equilibrium. Because the molecular-based expressions
underlying the proposed method required lengthy derivations,
we included the necessary theoretical background and develop-
ment of the approach in the Appendix. In section 3 we describe
the application of the proposed methodology and discuss
relevant thermodynamic, microstructural, and dynamics quanti-
ties obtained by molecular-based simulation. Finally, in section 4
we conclude with a summary of the main findings and future
outlook.

2. THEORETICAL BACKGROUND

2.1. Coupling Parameter Approach to the Optimization of
LJ Unlike-Pair Interaction Parameters. The premise behind
the optimization of a molecular model for a mixture that can
reproduce the experimental mutual solubility of its components
is based on the (perturbative) adjustment of an existing force
field (i.e., reference), which, in principle, can be done for both
electrostatic and nonelectrostatic interactions. Because our goal
here is to leave the pure fluid models unchanged (i.e., they are
already accurate), we need only to scale the unlike-pair non-
electrostatic interaction parameters by a perturbation parameter
0 e θ e Θ. However, even if we do not scale the electrostatic
interactions of the SPC/E and EPM2 models, such a perturba-
tion needs to be considered in the interpretation of simulation
results, as we will discuss in the following subsection.
The conditions of phase equilibrium for species I between

phases A and B, as described by the original (or reference θ = 0)
and the perturbed (θ = Θ) force fields may be written as

μAI ð0Þ ¼ μBI ð0Þ
μAI ðΘÞ ¼ μBI ðΘÞ ð3Þ

where μI
A(0e θeΘ) denotes the chemical potential of species I

in phase A, with the unlike-pair interactions scaled by θ. By
invoking the coupling parameter approach14,16 and following

eqs A8, A12, and A13 of the Appendix, these conditions can be
expressed in an explicit form that relates changes in the density/
concentration of species I in both phases in terms of the
perturbation of the unlike-pair interactions parameters,

FAI ð0Þ
FAI ðΘÞ � Æexp½�β∑ðΘÞ�æA ¼ FBI ð0Þ

FBI ðΘÞ � Æexp½�β∑ðΘÞ�æB ð4Þ

where FIA(θ) is the density of species I in phase A with unlike-pair
interactions scaled by θ, and Æ æA denotes averages over the
reference system (i.e., θ = 0) in phase A. The symbol ∑(θ)
represents the contribution of the perturbation 0e θeΘ to the
configurational energy:16

∑ðθÞ ¼ ϕREFi ðξ + 2η6 � η12 � 2Þ +ψREF
i ðη6 � η12Þ=6 ð5Þ

where, η and ξ are scaling factors for the LJ unlike-pair interac-
tions parameters σ and ε as defined by eq 1 (noting that θ = 0 is
equivalent to η = ξ = 1). In eq 5 we have

ϕREFi ¼ ∑
j 6¼i

uijðrij, θ ¼ 0Þ;

ψREF
i ¼ ∑

j 6¼i

rij∂uijðrij, θ ¼ 0Þ
∂rij

 !
θ¼ 0

ð6Þ

where uij(rij) is the energy of a pair interaction between atoms i
and j at separation rij.
In the particular case of fluids with lowmutual miscibility, such

as water and carbon dioxide, we can assume that the perturbation
of unlike-pair interactions will leave the chemical potential of
species I in the I-rich phase B nearly unchanged because of the
high dilution of species J in phase B. Thus, from eq 4 the
concentration/solubility response to the perturbation 0eθeΘ
in terms of mole fractions for the species I in the I-poor phase A
reduces to

xAI ðΘÞ
xAI ð0Þ

� FA
I ðΘÞ
FA
I ð0Þ

¼ exp � ∑ðΘÞ
kT

� �� �
A

ð7Þ

Equations 5�7 provide a straightforward prescription for the
optimization of the LJ unlike-pair interaction parameters be-
tween the SPC/E and EPM2 molecules.
2.2. Polarization Correction to the Solubility of SPC/E

Water in Nonpolar Media. As highlighted in the Introduction,
the point charges of the SPC/E model are fixed, though
enhanced from the corresponding gas-phase values to account
for the significant polarization in liquid water. Since these charges
cannot adjust to values appropriate for water vapor or other less
or nonpolar environments, the SPC/E water molecules are
typically overpolarized in those less polar environments; conse-
quently, they overestimate their residual enthalpy and chemical
potential. The enthalpy of self-polarization of a molecule I
bearing a permanent dipole moment μBI can be defined as
Hpol = 0.5(μBI � μBI

vac)2/Rm, where μBI
vac is the equilibrium dipole

moment of the isolated molecule and Rm is the experimental
molecular polarizability. In the case of real water |μBW

vac| = 1.85D,52

whereas for the SPC/E model (and liquid water)|μBW,SPC/E| =
2.35D. Thus, while the self-polarization of SPC/E in the liquid
phase is roughly equal to that of real water, the difference in self-
polarization enthalpies between SPC/E and real water in a non-
polar environment corresponds to ΔHpol

SPC/E = Hpol
SPC/E � Hpol

real =
0.5(μBW,SPC/E � μBW

vac)2/Rm = 5.22 kJ/mol. A schematic represen-
tation of the source for a difference between the self-polarization
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enthalpies for a fixed-charge model and the corresponding
impact on the predicted orthobaric vapor density is illustrated
in Figure 1a,b.
To estimate the contribution of the molecular overpolariza-

tion on the predicted water concentration in the CO2-rich phase,
we use the coupling parameter approach developed in the
Appendix. For that purpose, we take the SPC/E model as the
reference system, and invoke the perturbation 0 e ω e Ω to
rescale the atomic electrostatic charges to those corresponding to
an isolated water molecule, i.e., |μBW

vac| = 1.85D. For this depolar-
ization perturbation, ΔHpol(Ω) = �ΔHpol

SPC/E in eq A16, i.e.,

xCWðΩÞ
xCWð0Þ

� FCWðΩÞ
FCWð0Þ

¼ exp½+βΔHSPC=E
pol � � Æexp½�β∑

Ex

ðΩÞ�æC ð8Þ

where phase A in this case is the one rich in carbon dioxide and
denoted by the superscript “C”. Note that the second term in eq 8
arises from the modified electrostatic interactions of the scaled
atomic charges with the surrounding medium; consequently it
would be close to unity for the case of nonpolar environments.
By combining eqs 7 and 8, we can (in principle) determine the

proper scaling of the LJ unlike-pair interaction parameters, after
applying the polarization correction, that will predict more
accurately the solubility of water in the carbon dioxide-rich
phase, i.e.,

xCWðΘ,ΩÞ
xCWð0, 0Þ

� exp½+βΔHSPC=E
pol � � Æexp½�β∑ðΘÞ�æC ð9Þ

where xW
C (0,0) is the solubility (mole fraction) of water in the

CO2-rich phase predicted by the original mixture of the SPC/E
and EPM2models with the LB combining rules, and xW

C (Θ,Ω) is
the desired water solubility. An alternative derivation of the
polarization correction to the SPC/E solubility in terms of the
species solvation free energies is given in the Supporting
Information.
2.3. Simulation Methods. The equilibria between water-rich

and carbon dioxide-rich phases were simulated by the isother-
mal�isobaric Gibbs ensemble Monte Carlo (NPT-GEMC)
method using the Towhee software package.53 All simulations
involved systems containing a total N = 1024 molecules, i.e., 512
CO2 and 512 H2O molecules, for temperatures and pressures
ranging from 298 to 348 K, and from 100 to 400 bar, respectively.
The mutual CO2/H2O solubility at each thermodynamic state
point (T, P) was calculated from the average of 3 � 105

configurations collected over N � 3 � 106 Monte Carlo steps.
The acceptance rate of GEMC interbox transfers was approxi-
mately 4 � 10�4 for water and 2 � 10�3 for carbon dioxide
molecules. The LJ interactions were truncated at 10 Å, and
corrected by the long-range virial and configurational energy
contributions,54 while the long-range electrostatic interactions
were treated using the Ewald summation.
For the required dynamic and microstructural properties, the

corresponding isothermal�isobaric molecular dynamics simula-
tions used LAMMPS software55 with an added functionality for
the efficient calculation of the simulation averages of the ex-
ponential term in eq 7. These systems contained a total of
N = 512 molecules, LJ interactions were truncated at 12 Å, and
the PPPM correction was used for long-range electrostatic
interactions. The equations of motion were integrated using
the velocity Verlet algorithm with a time step of 1 fs to cover a
total length of 10 ns for each run after equilibration.

3. SIMULATION RESULTS AND DISCUSSION

3.1. Mutual Solubility of Carbon Dioxide and Water.
3.1.1. Effect of the SPC/E Polarization Correction on the Water
Solubility in CO2. As demonstrated in Section 2.2 and illustrated
in Figure 1, the SPC/E model underestimates water vapor
density as a consequence of the overpolarization originating
from the inclusion of the self-polarization during the fixed-
charge parametrization. An improved prediction of the water
solubility in nonpolar environments can be obtained by scaling
the values predicted from simulations by the self-polarization
factor in eq 8. In fact, Figure 2 shows the effect of this scaling on
the GEMC predictions of SPC/E solubility in EPM2 by the
polarization correction in comparison with the corresponding
experimental values. It is seen that the original predicted mole
fractions (solubilities) are about an order of magnitude lower
than the experimental ones. The application of the polarization
correction brings the simulated solubilities within approxi-
mately 10% of the experiment at 298 and 323 K, and while
the predictions for 348 K are not as accurate as those at lower
temperatures, the improvement is still substantial. The larger
discrepancy for the CO2-rich phase at 348 K and 100 bar, i.e.,
the least polar environment, is likely to be the result of the
unscreened attractive SPC/E�SPC/E dipole interactions,
which contribute to the second factor on the right-hand side
of eq 8. Since the dipole moment of the EPM2 model is zero,
the corresponding polarization correction is also zero.
The interpretation of the SPC/E self-polarization effect on

the water solubility in CO2 should not ignore the electrostatic
interactions of water with the surrounding EPM2 molecules.
In the first approximation, this contribution can be neglected
because carbon dioxide is nonpolar, but its electrostatic
charges will interact with those of water, leading to a nonzero
contribution to the second term on the right-hand side
of eq 8. We can expect that the larger SPC/E dipole moment
μBW,SPC/E compared to real water will result in increased
attractive interactions and solubility in EPM2. Since we do
not rescale the SPC/E atomic charges, we cannot correct
directly for the stronger electrostatic interactions. However,
assuming that the effect is small, we can try to compensate it by

Figure 2. The effect of the polarization correction on the predicted
solubility of water in supercritical CO2 along the isothermsT = 298.15 K
(red),T = 323.15 K (blue), andT = 348.15 K (green). Experimental data
taken from refs 50, 58, 59.



8779 dx.doi.org/10.1021/jp203241q |J. Phys. Chem. B 2011, 115, 8775–8784

The Journal of Physical Chemistry B ARTICLE

scaling the LJ unlike-pair interactions, as described in the
following subsection.
To estimate the effect of rescaling the SPC/E charges on

solubility in CO2 and to validate the assumptions from the
previous paragraph, we used eq A15 to calculate the second
factor in eq 8. We found that if the SPC/E point charges are
scaled down to the values corresponding to the water dipole
moment in vacuum, |μBW

vac| = 1.85D, the solubility is predicted
to decrease by the factor of 0.73 (at T = 348 K and P = 100 bar)
to 0.23 (at T = 298 K and P = 400 bar). Such changes in
solubility are less significant than those coming from the self-
polarization correction and are comparable to the LJ correc-
tions discussed below.
In general, the polarization correction is added at the end of a

run to interpret simulation results. It may be possible to
incorporate this correction within the GEMC procedure to
weigh interbox transfers, but such a direct application cannot be
used in other MC or MD calculations containing explicit phase
interfaces. It is also important to consider the polarization effect
and the corresponding correction even in simulations of a single
nonpolar phase in which SPC/E water is dissolved. If the lower
solubility of the SPC/E is not considered, using experimental
water concentration for simulations of a bulk carbon dioxide-
rich phase in contact with mineral interfaces may result in
unphysical phase separation and the formation of a water rich
phase. In such cases, appropriate SPC/E concentrations can be
estimated from experimental values and the polarization cor-
rection. However, given the large (10x) effect of polarization on
the solubility of water in carbon dioxide, the use of polarizable
models should be preferred, when possible.
3.1.2. Scaling of the LJ Unlike-Pair Interactions. The polariza-

tion correction, as applied to the SPC/E model, brings the
solubility in EPM2 to experimental values but only solves the

discrepancies caused by the imperfect description of the pure
component. As Figure 3 shows, the solubility of EPM2 carbon
dioxide in SPC/E water is considerably underestimated and
needs to be increased by about 60% to be in better agreement
with the experimental values. The challenge in the optimization
of unlike-pair interactions is therefore to increase the average
attractive interactions in one phase while leaving the interactions
almost unchanged in the other phase. Given the high computa-
tional demand of the GEMC simulations, this could be a difficult
and time-consuming task for a trial-and-error approach. The
proposed alternative, i.e. the coupling parameter approach,
allows us to try out millions of combinations of the four LJ
unlike-pair interaction parameters (eq 1) and choose the best
one via the global search minimization of the mean square
deviations between the left- and right-hand sides of eq 7
(or eq 9 for the SPC/E).
In the first step, we chose the LB system as a reference and

carried out GEMC simulations to calculate the reference
solubility (mole fractions) xI

A(0), of both species in both phases
as well as the configurational average quantities in eq 6. Using
experimental solubility data for the desired species (mole
fraction) xI

A(Θ), we found the optimal LJ unlike-pair interac-
tion parameters (actually, the optimal η�ξ pair) in eq 5, as
given in Table 2. Since some of the parameters were scaled by as
much as 20%, the perturbation basis of the coupling parameter
method might limit the precision of the results. With the
exception of H2O in CO2 at 348 K, the predicted mutual
solubilities in both phases obtained with the new set of

Figure 3. Solubility (molar fraction) of CO2 in H2O and H2O in CO2.
Comparison between the simulation results for the polarization cor-
rected LB system, the corresponding rescaled cross-interactions, and the
available experimental data, along the same three isotherm as in Figure 2.

Table 2. LJ Cross-Parameters for the SPC/E and EPM2
Interactions Derived from the LB Rules, after the First
Iteration (1st Iter.) and Second/Final Iteration (2nd Iter.) of
the Scaling According to eq 8

atom type σij [Å] εij [kJ/mol]

CC�OW (LB) 2.9615 0.3899

OC�OW (LB) 3.0995 0.6597

CC�OW (1st iter.) 2.8815 0.4796

OC�OW (1st iter.) 3.1367 0.7587

CC�OW (2nd iter.) 2.8412 0.5511

OC�OW (2nd iter.) 3.1524 0.7488

Figure 4. Dependence of the predicted solubility (left-hand side of
eq 7) on the coupling parameter, θ = η� 1, i.e., through the scaling the
σ parameter of LJ potential for a system at T = 298 K and P = 100 bar.
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parameters were within 10% of the experimental values (these
intermediate results are not shown). We performed an addi-
tional iteration using the new parameters to define a new
reference system for further refinement of the predictions. To
illustrate the procedure, Figure 4 displays the dependence of the
mutual solubility on the coupling parameter θ = η � 1 as
predicted by eq 7. It is interesting to notice that scaling of the LJ
size parameters of the CC�OW and OC�OW interactions has
the opposite effect on solubilities. While decreasing σOcOw

leads to a considerable increase in mutual solubility in both
phases, decreasing σCcOw leads to a decrease in mutual solubi-
lity, especially in the H2O-rich phase. The origin of such
relations can be traced back to differences in the solvation
structures as discussed in the following subsection.
The final set of LJ unlike-pair interactions parameters is listed in

Table 2 while the predicted solubilities are displayed in Figure 3.
With the exception of the CO2-rich phase at 348 K, the agreement
between simulation and experiment is within 10% for all systems,
which roughly corresponds to the simulation error.
3.2. Structural Properties. As has been noted earlier, the

different response of the mutual solubilities (in the two phases in
fluid�fluid equilibrium) to the same perturbation in force field
parameters is a result of different structural arrangements of the
interacting molecules. To gain better insight into the origin of
these dependencies and limitations of the simple point charge
models, we analyze in Figure 5 the relevant CO2�H2O atom�
atom pair distribution functions obtained at two sets of thermo-
dynamic conditions (higher density atT = 298 K and P = 400 bar,
and lower density at T = 348 K and P = 100 bar).
These results indicate that the atomic sites involving different

molecules are closer in the CO2-rich phase than in the

corresponding H2O�rich phase. The primary reason is the
formation of stronger hydrogen bonds between an isolated
water molecule interacting with the surrounding oxygens from
the carbon dioxide environment, whose signature can be
recognized as a shoulder on the OC�HW (CO2 oxygen/H2O
hydrogen) pair distribution function around 2.2 Å. If a hydro-
gen bond is geometrically defined as an O�H pair at separa-
tions less than 2.5 Å,56 then a dissolved water molecule in the
CO2 surroundings would form 1.1 bonds (at 298 K and 400
bar). In contrast, in the water-rich phase the hydrogen bonding
capacity of a water molecule can be saturated by other water
molecules, resulting in less opportunity for CO2 oxygens to
participate in such interactions. On average, a dissolved CO2

molecule forms 0.7 hydrogen bonds.
The shape of theCC�OWpair distribution function in Figure 5

also elucidates the reason for the solubility reduction with
decreasing σCcOw: the majority of the CC�OW atom pairs are
located beyond the minimum of the LJ potential (i.e., r > 21/6

σCOw
≈ 3.19 Å) of this interaction, so that a shift of the minimum

to shorter separations leads to an increase in the pair energy. The
opposite trend is seen for the OC�OW pairs where most of the
nearest neighbors are separated by less than the LJ minimum
(r > 21/6 σOcOw

≈ 3.54 Å).
3.3. Dynamic Properties. An additional typical requirement

for the adequacy of molecular models is the accurate description
of dynamic properties. To assess the performance of our
proposed optimized unlike-pair interactions, we determined by
isothermal�isobaric molecular dynamics simulations the
(tracer) diffusion coefficients DI for infinitely diluted species
I in species J using the Einstein formula,

DI ¼ lim
t f ¥

ÆðriðtÞ � rið0ÞÞ2æ
6t

ð10Þ

where ri(t) is the unfolded position of the solute particle i at
time t, and Æ æ indicate an average over simulation trajectories
(time origin of a single long trajectory). The simulated diffusion
coefficients of water in carbon dioxide and carbon dioxide in
water are listed in Table 3, and compared with available
experimental data in Figure 6. The simulated carbon dioxide
diffusion in water is in a fairly good agreement with experi-
mental values in the whole range of investigated temperatures,
which is a significant improvement over the predictions of these
mixtures under LB combining rules for which the simulation
overpredicts the CO2 diffusivity by 30%. The diffusion coeffi-
cient of water in CO2, DH2O, at 298 K is about 20% higher than

Figure 5. Comparison of the relevant pair distribution functions
between the H2O-rich and the CO2-rich phases at 298 K and 400 bar
as well as at 348 K and 100 bar.

Table 3. Simulated (sim.) and Experimental (exp.) Diffusion
Coefficients of Infinite Diluted CO2 inWater,DCO2, and H2O
in Carbon Dioxide, DH2O

T [K]/

P [bar]

DCO2 [10
�5 cm2/s]

sim./exp.

T [K]/

P [bar]

DH2O [10�4 cm2/s]

sim./exp.

298/1.0325 1.98/1.95a 298/202.65 1.54/1.59b

323/1.0325 3.57/3.03a 323/202.65 1.96

348/1.0325 5.74/5.40a 348/202.65 2.70

298/101.325 2.00 298/101.325 2.65

298/202.65 2.10 298/202.65 1.86

298/405.3 1.98 298/405.3 1.71
aReference 60. bReference 61.
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the experimental values and closer than those predicted by the
LB system, while it shows the correct pressure dependence. It is
possible that the higher diffusivity ofDH2O at 298 K is governed
by the same factors that cause the lower solubility of H2O in
CO2 at the same temperature, but we did not find experimental
data for higher temperatures to verify this relation and our
conjecture.

4. CONCLUDING REMARKS

We proposed and applied a coupling parameter scheme to
optimize the SPC/E-EPM2 pair interactions to reproduce the
mutual solubility of carbon dioxide and water at conditions
typical for carbon dioxide sequestration. We found that when
the self-polarization correction for the chemical potential of
SPC/E water in the CO2-rich phase is included, the predicted
solubilities are generally within the simulation/experimental
combined uncertainties. The adequacy and reliability of the
scaled LJ unlike-pair interactions were then supported by the
reasonable predictions of the diffusion coefficients of the dilute
species in both phases. Considering that our method included
global optimization in the force field parameter space, we expect
that the current parameter set is close to optimal and could not
be significantly improved without changing the pure-compo-
nent models, e.g., by adding explicit polarizability or chemical
reactivity. The use of the original SPC/E and EPM2 parame-
trization for the same component interactions allows us to build
on the large database of published force fields and simulation
data obtained for pure CO2 and H2O in contact with diverse
environments.

’APPENDIX: PERTURBATION OF THE SPECIES
CHEMICAL POTENTIAL IN THE GIBBS ISOTHER-
MAL�ISOBARIC ENSEMBLE

Here we derive the equations for the isothermal�isobaric
change of the chemical potential of a species in two equilibrated
phases due to the perturbations of the force field parameters of a
molecular model. We are not only interested in the effect of the
perturbation 0 e θ e Θ of the LJ unlike-pair interaction
parameters, but also in that of the perturbation 0 e ω e Ω of
the electrostatic interactions on the species chemical potential.
For that purpose we express the chemical potential of species I in
terms of the coupling parameters Θ and Ω as follows:

μIðT, P, xI ,Θ,ΩÞ ¼ ð∂G=∂NIÞT, P,NJ6¼I

= ½GðNI + 1,θ ¼ Θ,ω ¼ ΩÞ �GðNI , θ ¼ 0,ω ¼ 0Þ�T, P,NJ6¼I

¼ � kT ln
QGEðNI + 1,θ ¼ Θ,ω ¼ ΩÞ

QGEðNI , θ ¼ 0,ω ¼ 0Þ
� �

T, P,NJ6¼I

ðA1Þ

where [G(NI,θ,ω)]T,P,NJ 6¼I
is the total Gibbs free energy of the

system of N = NI + ∑J 6¼INJ particles of types I and J, at constant
pressure P, temperature T, and number of particles of type J. The
molar fraction of species I is defined as xI = NI/N, and
[QGE(NI,θ,ω)]T,P,NJ 6¼I

is the corresponding isothermal�isobaric
Gibbs ensemble (GE) partition function.

Typically, the description of equilibria between phases A and B
via the GE simulation approach involves two separate boxes,
which we identify here by the phases they are containing (either
A or B). Moreover, because we will deal with the chemical
potential of a specific species in a mixture, we drop the subscript I
in the following analysis and, for simplicity, derive the statistical
mechanical relations as if we were dealing with a single-compo-
nent system. Subsequently, the multicomponent expressions are
straightforwardly obtained and left to the reader. The GE
partition function for the above system can be written as57

QGEðN ,T, P, θ,ωÞ

¼ Λ�3N ∑
N

n¼ 0
ΔAðn,T, P, θ,ωÞΔBðN � n,T, P, θ,ωÞ ðA2Þ

where Λ is the de Broglie wavelength, β = 1/kT, k is the
Boltzmann constant, n is the number of particles in box A, and
ΔR(n,P,T,θ,ω) is the isobaric�isothermal configurational parti-
tion function for the corresponding box R. Moreover,

ΔRðn, P,T, θ,ωÞ
¼ 1

n!

Z ¥

0
expð�βPVRÞ dVR

Z
VR

expð�βURðrn, θ,ωÞÞ drn ðA3Þ

where UR(r
n,θ,ω) is the total potential energy in box R for the

specific configuration defined by rn, and current strength of the
coupling parameters θ and ω. The coupling parameters enable to
determine the working equation for the chemical potential of
species I in either phase, and its change caused by any perturbation
of the unlike-pair interactions. Consequently, the potential energy
of the (n+1)-system can be described asUR(r

n+1,λ,θ,ω) = UR(r
n)

+ λuR + ∑(θ) + ∑(ω), where we invoked an additional coupling
parameter λ, which turns on (1) and off (0) the interactions uR of
the (n+1)th particle with the rest of box R, and the two ∑ ( 3 3 3 )
terms represent contributions to a particle energy due to the
perturbations of the two coupling parameters θ and ω. For the
full interaction of the (n+1)th particle of the unperturbed system

Figure 6. (a) Temperature dependence of the diffusion coefficient of
infinitely diluted CO2 in liquid water at 1 bar, DCO2; (b) pressure
dependence of the diffusion coefficient of infinitely diluted H2O in
carbon dioxide at 298 K. Experimental data and simulation results are in
the units of cm2s�1.
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(i.e., λ = 1), the notations QGE(N + 1,λ = 1) and QGE(N + 1) are
equivalent. According to the description forUR(r

n+1,λ,θ,ω), eq A1
can be decomposed into four terms as follows:

where F = ÆVæ/(N + 1) is the average number density of species
I, the first factor in the logarithm corresponds to the contribu-
tion of the ideal gas at density F, the second corresponds to the
configurational contribution of the reference system, the third is
the contribution from the perturbation θ of the van der Waals
(nonelectrostatic) interactions, and the fourth is the contribution
due to the perturbationω of electrostatic interactions (site partial
charges). Note that eq A4 is written for the ensemble of two
boxes as a whole because the chemical potential of a particle in
the GE cannot be expressed solely in terms of a single phase.57

Phase Equilibrium of the Reference System. For the ex-
plicit analysis of phase equilibria via the GE, we define a pair of
coupling parameters λA and λB, which turn on the interactions of a
single particle of type I in each box (A or B) separately. The first two
factors in eq A4 (unperturbed system) can then be written as

QGEðN + 1, λ ¼ 0Þ
QGEðNÞ � QGEðN + 1, λ ¼ 1Þ

QGEðN + 1, λ ¼ 0Þ

¼
QGEðN + 1, λA ¼ 0, λB ¼ 1Þ

QGEðNÞ � QGEðN + 1, λA ¼ 1, λB ¼ 1Þ
QGEðN + 1, λA ¼ 0, λB ¼ 1Þ

QGEðN + 1, λA ¼ 1, λB ¼ 0Þ
QGEðNÞ � QGEðN + 1, λA ¼ 1, λB ¼ 1Þ

QGEðN + 1, λA ¼ 1, λB ¼ 0Þ

8>>><
>>>:

ðA5Þ
where

QGEðN + 1, λA ¼ 0, λB ¼ 1Þ
QGEðNÞ

¼
∑

N + 1

n¼ 0
ΔAðn,T, P, λA ¼ 0ÞΔBðN + 1� n,T, PÞ

Λ3 � ∑
N

n¼ 0
ΔAðn,T, PÞΔBðN � n,T, PÞ

¼
∑
N

n¼ 0
½ΔAðn + 1,T, P, λA ¼ 0ÞΔBðN � n,T, PÞ� +ΔBðN + 1,T, PÞ

Λ3 � ∑
N

n¼0
ΔAðn,T, PÞΔBðN � n,T, PÞ

QGEðN + 1, λA ¼ 1, λB ¼ 1Þ
QGEðN + 1, λA ¼ 0, λB ¼ 1Þ

¼
∑

N + 1

n¼ 0
ΔAðn,T, P, λA ¼ 1ÞΔBðN + 1� n,T, P, λB ¼ 1Þ

∑
N + 1

n¼ 0
ΔAðn,T, P, λA ¼ 0ÞΔBðN + 1� n,T, P, λB ¼ 1Þ

ðA6Þ

Following the Smit and Frenkel approach,57 these equations
can be rewritten in the form of ensemble averages and inter-
preted as the equality of activities between two phases in
equilibrium, i.e.,

Λ�3 VA

n + 1
+ δn, 0

VB

N � n + 1
expð�βuBÞ

� �
� Æexpð�βuAÞæλA ¼ 0 ¼

¼ Λ�3 VB

N + 1� n
+ δn,N

VA

n + 1
expð�βuAÞ

� �
� Æexpð�βuBÞæλB ¼0

ðA7Þ
Because the terms involving the Kronecker delta δn,X can be
neglected for a large enough total number of particles N, we can
recover the familiar expression for the equilibrium conditions in
terms of equality of the activities/chemical potentials,

1

ÆΛ3FAæ
� Æexpð�βuAÞæλA ¼ 0 ¼ 1

ÆΛ3FBæ
� Æexpð�βuBÞæλb ¼ 0

kT lnÆΛ3FAæ� kT lnÆexpð�βuAÞæλA ¼ 0

¼ kT lnÆΛ3FBæ� kT lnÆexpð�βuBÞæλB ¼ 0 ðA8Þ
where FR is the number density of species I in box R. The two
terms on each side of the second line of eq A8 correspond to the
chemical potential of the ideal gas (at the average density ÆFRæ
and temperature T), and to the configurational contribution of
species I, respectively. Similar equations can be derived for the
chemical potential of species I in a mixture if the potential energy
uR includes interactions with other species. In the following text,
a mixture of species I and J is explicitly considered.

Perturbation of the LJ Unlike-Pair Interactions. The third
factor in eq A4 involves a contribution to the configurational
chemical potential of species I due to the perturbation of non-
electrostatic unlike-pair interaction parameters. In general, this
perturbation will affect the particle interactions in both phases,
which will result in a modified density/composition of each
phase. Recalling that one of the main goals of this paper is to find
a relation between the perturbation of the unlike-pair interaction
parameters and the changes of the species mutual solubility, we
express the change of the species residual chemical potential in
each phase as a function of the perturbed LJ unlike-pair interac-
tion parameters and calculate the corresponding change in the
species composition from the condition of phase equilibria
(eq A8).
The change in the configurational portion of the chemical

potential of species I, for a large N, can be expressed for each
phase separately as

Δμconf , AI ðT, P, xIÞ ¼ � kT ln
QGEðNI + 1, θ ¼ ΘÞ
QGEðNI + 1, θ ¼ 0Þ
� �

T, P,NJ6¼I

¼ � kT ln
∑

N + 1

nI ¼ 0
ΔAðnI , P,T, θ ¼ ΘÞΔBðN + 1� nI , P,T, θ ¼ 0Þ

∑
N + 1

nI ¼ 0
ΔAðnI, P,T, θ ¼ 0ÞΔBðN + 1� nI , P,T, θ ¼ 0Þ

¼ � kT lnÆexp½�β∑ðθ ¼ ΘÞ�æA ðA9Þ
where nI is the number of particles of species I in box A, Æ æA
denotes the GE average over the reference system in box A, and
∑(Θ) = UN+1(NI + 1,NJ,θ =Θ)� UN+1(NI + 1,NJ,θ = 0) is the
difference in potential energy of a particle i of species I caused by
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the perturbation 0e θeΘ, which can be defined in terms of the
deviations η and ξ from the corresponding reference system
(e.g., see eq 2) comprising the combining rules for the LJ unlike-
pair interaction parameters σij and εij, respectively, i.e.,

∑ðθÞ ¼ ϕREFi ðξ + 2η6 � η12 � 2Þ +ψREF
i ðη6 � η12Þ=6

ðA10Þ
where θ = 0 is equivalent to η = ξ = 1, and

ϕREFi ¼ ∑
j 6¼i

uijðrij, θ ¼ 0Þ;

ψREF
i ¼ ∑

j 6¼i

rij
∂uijðrij, θ ¼ 0Þ

∂rij

 !
θ¼ 0

ðA11Þ

The quantities ϕi
REF and ψi

REF can be calculated from the
simulations of the reference system, e.g., when the unlike-pair
interactions are defined by the LB combining rules.
From eq A9, the condition of phase equilibrium expressed in

eq A8 for the unperturbed reference system (θ = 0) can be
written for the perturbed system (θ = Θ) as follows:

1

ÆΛ3FAðΘÞæ� Æexpð�βuAÞæλA ¼ 0 � Æexpð∑ðΘÞÞæA

¼ 1

ÆΛ3FBðΘÞæ� Æexpð�βuBÞæλB ¼ 0 � Æexpð∑ðΘÞÞæB ðA12Þ

Consequently, from eqs A9 and A12 we obtain the relation for the
corresponding change in species densities (concentrations) in both
phases as a function of perturbation parameter 0 e θ eΘ, i.e.,

FAI ð0Þ
FAI ðΘÞ � Æexp½�β∑ðΘÞ�æA

¼ FBI ð0Þ
FBI ðΘÞ � Æexp½�β∑ðΘÞ�æB ðA13Þ

The significance of this equation is that it can be used to optimize
force field parameters so that the model system reproduces
experimental mutual solubilities of species between two phases in
equilibrium. A simplified relation can be found for a mixture of two
species I and Jwith lowmutual solubility, such as water and carbon
dioxide, in which one of the two phases is typically nearly pure
species I and the other comprises nearly pure species J. Due to the
low concentration of species J in the I-rich phase B, the residual part
of the activity of species I in phase B is unaffected by the changes in
the unlike-pair interactions. Moreover, due to the high concentra-
tion of species I in phase B, the ratio of densities FIB(0)/FIB(Θ) is
barely changed even for relatively large changes in the ratio
FIA(0)/FIA(Θ). These two statements express the fact that the
change in activity/chemical potential of species I in the I-rich phase
is negligible, which allows us to establish the following approximate
relation between the perturbation of the LJ unlike-pair interaction
parameters and the change of the species I concentration in the
I-poor (J-rich) phase.

FAI ðΘÞ
FAI ð0Þ

� Æexp½�β∑ðΘÞ�æA ðA14Þ

Perturbation of the Electrostatic Interactions.The effect of
the perturbation 0 e ω e Ω of atomic charges on the mutual
solubilities of species in each phase in equilibrium can be derived

along the same approach used for eqs A9�A13. The main
difference is a one-particle term corresponding to the self-
polarization of a molecule, i.e., the energy required to change
the charge distribution within an isolated molecule. If we assume
that all atomic charges qR in a molecule i of species I are scaled by
the same factor (1 + Ω), then the energy difference in the
configurational energy between the perturbed and the reference
systems from the self-polarization and the interactions with
atomic charges qβ of molecules j can be written as

∑ðΩÞ ¼ UN+1ðNI + 1,Nj,ω ¼ ΩÞ �UN+1ðNI + 1,Nj,ω ¼ 0Þ
¼ ðHpolðΩÞ �Hpolð0ÞÞ

+ ∑
R ∈ i

ð2Ω +Ω2Þ � ∑
j ∈ I i

∑
β ∈ j

qRqβ
rRβ

+Ω� ∑
j ∈ J

∑
β ∈ j

qRqβ
rRβ

2
4

3
5

¼ ΔHpol + ð2Ω +Ω2Þ � ϕiI +Ω� ϕiJ

¼ ΔHpol + ∑
Ex

ðΩÞ ðA15Þ
where Hpol is the self-polarization enthalpy, and the ϕiI and ϕiJ
terms account for the sum of electrostatic pair energies of
molecule i with like and unlike species, respectively.
The self-polarization term is a complicated function of elec-

tronic and nuclear interactions but can be expressed in a
simplified way as a function of the experimental molecular
polarizability Rm and the difference of the molecular dipole
moment relative to its vacuum value ΔμB(ω), as Hpol(ω) =
0.5ΔμB(ω)2/Rm. The effect of the charge perturbation on the
equilibrium species concentrations (solubilities) can be cast in
the form of eq A13 withΘ replaced byΩ. Assuming a constant
chemical potential of species I in phase B in equilibrium with
phase A and fixed dipole moment, the relation for the change in
number density/concentration for species I in phase A can be
expressed as follows:

FAI ðΩÞ
FAI ð0Þ

¼ exp½�βΔHpolðΩÞ� � Æexp½�β∑
Ex

ðΩÞ�æA ðA16Þ

In a non-polar environment, the second factor on the right-
hand side is equal to ∼1 and the change in number density/
concentration is given only by the change in self-polarization. It is
important to note that the self-polarization term in molecular
models with fixed charges does not affect the actual simulations
(i.e., it does not contribute to the equations of motion), yet, it
needs to be considered in the interpretation of the simulation
results and their comparison with real systems or polarizable
force fields.
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